Mammalian target of rapamycin (mTOR) regulates cellular processes important for progression of human cancer. RAD001 (everolimus), an mTORC1 (mTOR/raptor) inhibitor, has broad antitumor activity in preclinical models and cancer patients. Although most tumor lines are RAD001 sensitive, some are not. Selective mTORC1 inhibition can elicit increased AKT S473 phosphorylation, involving insulin receptor substrate 1, which is suggested to potentially attenuate effects on tumor cell proliferation and viability. Rictor may also play a role because rictor kinase complexes (including mTOR/rictor) regulate AKT S473 phosphorylation. The role of raptor and rictor in the in vitro response of human cancer cells to RAD001 was investigated. Using a large panel of cell lines representing different tumor histotypes, the basal phosphorylation of AKT S473 and some AKT substrates was found to correlate with the antiproliferative response to RAD001. In contrast, increased AKT S473 phosphorylation induced by RAD001 did not correlate. Similar increases in AKT phosphorylation occurred following raptor depletion using siRNA. Strikingly, rictor down-regulation attenuated AKT S473 phosphorylation induced by mTORC1 inhibition. Further analyses showed no relationship between modulation of AKT phosphorylation on S473 and T308 and AKT substrate phosphorylation patterns. Using a dual pan-class I phosphatidylinositol 3-kinase/mTOR catalytic inhibitor (NVP-BEZ235), currently in phase I trials, concomitant targeting of these kinases inhibited AKT S473 phosphorylation, eliciting more profound cellular responses than mTORC1 inhibition alone. However, reduced cell viability could not be predicted from biochemical or cellular responses to mTORC1 inhibitors. These data could have implications for the clinical application of phosphatidylinositol 3-kinase/mTOR inhibitors. [Mol Cancer Ther 2009;8(4):742-53] 
Introduction
The mammalian target of rapamycin (mTOR) kinase is a key regulator of cell proliferation and survival downstream of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway (1, 2) . AKT/mTOR signaling is deregulated in many cancers, suggesting mTOR as an attractive target for cancer therapy (2) (3) (4) . Rapamycin exerts its action by binding to the immunophilin FK506-binding protein 12. The FK506-binding protein 12/rapamycin complex binds mTOR, preventing downstream signaling to effectors of global mRNA translation (5) . The rapamycin-sensitive mTOR complex (mTORC1; containing raptor) activates protein synthesis through modulation of the 40S ribosomal protein S6 kinase (S6K) and the translational initiation factor eIF-4E binding protein 1 (4E-BP1; refs. 2, 4). The rapamycin-insensitive, rictor-containing complex (mTORC2) is implicated in actin cytoskeleton regulation, as well as phosphorylation of AKT on S473 (1) (2) (3) (4) . Rictor also regulates AKT phosphorylation events mediated by integrin-linked kinase (ILK; ref. 6 ). Full AKT activation requires phosphorylation on two residues: Thr308 (T308) by the pyruvate dehydrogenase kinase (PDK)-1 and Ser473 (S473) by PDK2, suggested to be mTORC2 or another candidate protein kinase (e.g., DNAdependent protein kinase, ILK, or PKCβII; refs. 1, 4, 6) . In PDK1 −/− cells, AKT is phosphorylated on S473 but not T308, providing evidence that the two sites are independently regulated (reviewed in ref. 1) . This was supported by analysis of cells lacking mTORC2 activity, where S473 phosphorylation was selectively lost (1) .
Signaling pathways that activate mTOR (e.g., PI3K) are frequently altered in cancer. AKT is a major effector of PI3K, and its deregulation plays a pivotal role in tumor biology (7) . Hyperactivation of AKT is associated with resistance to apoptosis as well as increased cell proliferation and metabolism (8) . Inhibition of mTORC1 can induce AKT S473 phosphorylation in a subset of cancer cell lines and patient tumors (9) (10) (11) (12) , an event which may attenuate tumor responses (8, 13, 14) . A negative feedback loop has been described, whereby mTOR/S6K1 activation attenuates PI3K signaling by suppressing insulin receptor substrate-1 (IRS1) function, a mediator of insulin receptordependent activation of PI3K (10, 15, 16) . It has been proposed that mTORC1 inhibition relieves inhibition of the PI3K pathway through inactivation of S6K1, thereby activating AKT (13, (17) (18) (19) . However, it remains possible that other mechanisms play a role (20) (21) (22) . Furthermore, there is a lack of clarity about the consequences of AKT pathway up-regulation in terms of antitumor response to mTORC1 inhibition as well as drug combinations aimed at ablating AKT activation.
Paradoxically, mTORC1 inhibition, despite inducing AKT S473 phosphorylation, suppresses the enhanced growth phenotype observed in cells expressing constitutively activated AKT (2, 23) , with elevated AKT activity suggested to be associated with increased tumor cell sensitivity (2) . These observations add further complexity to the question of what effect increased PI3K/AKT signaling can have on tumor cell biology. RAD001 (everolimus) is an mTORC1 inhibitor with broad antitumor activity (2) and clinical activity in cancer patients in a number of tumor types (2, 9, 12, (24) (25) (26) (27) . Pharmacodynamic analysis of cancer patient-derived tumor material showed increased AKT S473 phosphorylation in some cases (10, 12) after treatment with doses and schedules of RAD001 defined as biologically optimal through pharmacokinetic/ pharmacodynamic modeling of preclinical and phase I data (9, 28, 29) . Here, using a diverse panel of human tumor cell lines, we have shown an association between the in vitro antiproliferative response to RAD001 and basal phosphorylation levels of AKT S473 and some AKT substrates. Importantly, induction of AKT S473 phosphorylation following mTORC1 inhibition was not associated with insensitivity to RAD001 and was dependent on the maintenance of rictor expression. A dual, pan-class I PI3K/mTOR catalytic inhibitor (NVP-BEZ235; refs. 20, 30) potently inhibited the increased AKT S473 phosphorylation associated with mTORC1 inhibition. This was associated with more profound cellular responses, including loss of cell viability. However, the cellular outcome following treatment with NVP-BEZ235 could not be predicted from either the antiproliferative or the AKT S473 phosphorylation response elicited by mTORC1 inhibition alone. mouse embryonic fibroblasts (MEF; which are p53 null) have been previously described (21, 22) . All were cultured in DMEM high-glucose medium (Amimed) with 10% FCS, 2 mmol/L L-glutamine, and 100 μg/mL penicillin/streptomycin, except A549, HCT15, DU145, and HCT116, which were cultured in RPMI 1640 (Amimed , and 100 μg/mL penicillin/streptomycin. Antibodies and Reagents RAD001 (everolimus) and NVP-BEZ235 (Novartis Pharma AG) were prepared in DMSO. Antibodies included phospho-AKT Thr308, phospho-forkhead box O transcription factor subclasses 01/3a (FoxO1/3a) Thr24/Thr32, FoxO3a, phospho-glycogen synthase kinase-3β (GSK3β) S9, phospho-IRS1 S636/639, IRS1, raptor, phospho-S6 S235/ 236, and phospho-TSC2 T1462 from Cell Signaling Technology; TSC2 and total AKT (MEF analysis) from Santa Cruz; phospho-AKT S473 from Dako; total AKT from Epitomics; rictor from Novus Biologics (LuBioScience); GSK3β, phospho-PRAS40 T246, and PRAS40 from Biosource (Invitrogen); S6 from J. Mestan (Novartis Pharma AG); and secondary horseradish peroxidise-conjugated antibodies from Jackson ImmunoResearch Laboratories.
Materials and Methods

Cell
Protein Extraction and Immunoblot Analysis For protein lysates, cells were washed with ice-cold PBS containing 1 mmol/L phenylmethylsulfonyl fluoride; with ice-cold buffer containing 50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 25 mmol/L β-glycerophosphate, 25 mmol/L NaF, 5 mmol/L EGTA, 1 mmol/L EDTA, 15 mmol/L pyrophosphate, 2 mmol/L sodium orthovanadate, 10 mmol/L sodium molybdate, leupeptin (10 μg/mL), aprotinin (10 μg/mL), and 1 mmol/L phenylmethylsulfonyl fluoride (protease inhibitors from Sigma Chemical, Buchs, Switzerland); and extracted in the same buffer containing 1% NP40 (Sigma Chemical, Buchs, Switzerland). After homogenization, cleared lysates were frozen at −80°C. Protein concentration was determined with the BCA Protein Assay (Pierce). MEFs were washed with ice-cold PBS before lysis in buffer containing 60 mmol/L Tris (pH 6.8), 2% SDS, 10% glycerol, and 100 mmol/L DTT. Immunoblotting was done as previously described (28); 20 μg of total protein were analyzed and antibody-decorated bands were quantified using Quantity One software. Spearman rank correlation coefficient analysis was done (statistical significance at P < 0.05).
Proliferation/Viability Assays Cells were incubated in 96-well plates 24 h before compound treatment. For the methylene blue assay, glutaraldehyde (5% final) was added for 10 min at room temperature. Wells were washed with water and methylene blue (0.05% w/v in water) added for 15 min at 37°C. Wells were washed twice and 3% (v/v) HCl was added for 20 min (shaking). The absorbance (650 nm) was determined using a kinetic microplate reader (Molecular Devices). Effects on cell proliferation and loss of cell viability were assessed using the YO-PRO assay followed by statistical analysis as described previously (5) . Two-way ANOVA (with Tukey test) was used to test for interactions between the compounds (statistical significance at P < 0.05).
siRNA Transfection Cells were plated in six-well plates for 24 h, transfected with 20 nmol/L siRNA using HiPerFect (Qiagen), and cell lysates prepared 72 h later. The following siRNA target sequences were used: raptor, 5-TATTTGGTCGTCCAA-TCTCGT-3; rictor, 5-TTAATTGTAGCAATAGAGGGT-3; and luciferase, 5-AACGTACGCGGAATACTTCGA-3. IRS1 SmartPool siRNA was from Dharmacon.
Results
AKT Pathway Activation at Baseline but not following mTORC1 Inhibition Defines the Antiproliferative Response to RAD001
In nutrient-replete conditions, mTORC1 inhibition results in reduced cell proliferation (31) , with apoptosis observed occasionally (12) . A screen of the antiproliferative activity of RAD001 in 13 human cancer cell lines (representing a number of tumor histotypes) indicated that most were sensitive (nine with IC 50 values ≤100 nmol/L), whereas some seemed insensitive (four with IC 50 values ≥100 nmol/L; see Table 1 , left). As expected from previous results (2), high levels of AKT S473 phosphorylation were associated with increased sensitivity, as was phosphorylation of the AKT substrates GSK3β and TSC2 (Fig. 1A) . Indeed, there was a statistically significant correlation between AKT S473, GSK3β, and TSC2 phosphorylation and RAD001 sensitivity, which was not observed for phosphorylation of AKT T308 or the AKT substrates FoxO and PRAS40 (Fig. 1A) . These data suggest that activation of some elements of the AKT pathway may indicate a selective dependence of tumor lines on mTORC1 activity.
To assess the effect of mTORC1 inhibition on cell cycle progression, flow cytometry was also done after 24 hours of treatment with a concentration of RAD001 known to be optimal in terms of mTORC1 pathway inhibition (20 nmol/L; see Supplementary Fig. S1 ). 3 All nine sensitive lines exhibited a clear G 1 accumulation, whereas the four insensitive lines did not (Table 1 , right). Furthermore, there was no evidence of apoptosis in any of the lines (data not shown).
More detailed investigation indicated that RAD001 treatment induced AKT S473 phosphorylation in approximately half of the lines tested ( Fig. 1B ) with no effect on AKT protein expression (Fig. 2C ). This occurred with differing kinetics (in most lines persisting for up to 72 hours) and was often accompanied by increased AKT T308 phosphorylation (Fig. 1B) . Examples of increased phosphorylation on both sites (e.g., BT474 and SKBR3), increased S473 phosphorylation only (e.g., DU145), and increased T308 phosphorylation only (e.g., LN428 and LN401) were observed, indicating independent regulation of these two sites following mTORC1 inhibition. Importantly, induction of AKT S473 Table 1 ). Total protein lysates were subjected to immunoblot analysis. RAD001-induced effects are shown for AKT S473 and AKT T308 phosphorylation. C, AKT levels are used as a loading control.
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Mol Cancer Ther 2009;8(4). April 2009 phosphorylation seemed to be independent of cellular response to RAD001, occurring in lines considered both sensitive (e.g., BT474) and insensitive (e.g., KB31) to mTORC1 inhibition and being absent in both sensitive (e.g., LN401) and insensitive (e.g., LN428) lines ( Fig. 1B ; Table 1 ). Hence, although measurement of the basal phosphorylation of AKT S473 and some AKT substrates could have application in predicting the intrinsic sensitivity of cancers to mTORC1 inhibition, induction of AKT S473 phosphorylation following treatment seems not to be a predictive pharmacodynamic biomarker.
Induction of AKT S473 Phosphorylation after mTORC1 Inhibition Requires Rictor
Expanding on the observation that IRS1 plays a role in the up-regulation of AKT S473 phosphorylation following mTORC1 inhibition (16) , an analysis of the effects of RAD001 on IRS1 indicated no clear association between changes in AKT phosphorylation and IRS1 protein expression ( Supplementary Fig. S2A ). 3 Moreover, using three cell lines exhibiting differential IRS1 responses ( Supplementary  Fig. S2B ), 3 down-regulation of IRS1 using an siRNA approach resulted in complete (HCT116), intermediate (SKBR3), or no (A549) attenuation of phospho-AKT S473 induction after 24 hours of RAD001 treatment. Based on this observation, experiments were done to further define the molecular mechanism of RAD001-induced AKT S473 phosphorylation. Five tumor lines were analyzed, including RAD001-sensitive (BT474, MCF7, and A549) and -insensitive cells (KB31 and HCT116). As summarized in Supplementary  Fig. S3A , 3 RAD001 induced AKT S473 and AKT T308 phosphorylation in these lines. siRNA-mediated loss of raptor caused increased AKT phosphorylation on S473 and T308 in all lines, apart from MCF7, which seemed to be less amenable to transfection, indicating that efficient inhibition of raptor expression recapitulates the effects of RAD001 (Supplementary Fig. S3B) . 3 In contrast, down-regulation of rictor expression caused a slight reduction in basal AKT S473 phosphorylation levels in MCF7, A549, KB31, and HCT116 cells. In contrast, AKT T308 phosphorylation was differentially regulated, being slightly induced in BT474, A549, and HCT116 cells (Supplementary Fig. S3C ). 3 Analyses of AKT substrate phosphorylation suggested further complexity. Despite clear up-regulation of AKT phosphorylation on both sites, RAD001 treatment induced a dramatic increase in TSC2 T1462 phosphorylation in all lines, an effect not observed (or minimal) after down-regulation of raptor protein expression ( Fig. 2A and B) . Interestingly, RAD001 treatment induced FoxO1/3a phosphorylation, particularly in the RAD001-sensitive cell lines, with minimal effects on GSK3β phosphorylation; whereas substantial FoxO1/3a and GSK3β modification was observed with the raptor siRNA in both RAD001-sensitive and RAD001-insensitive cells ( Fig. 2A and B) . In comparison, rictor siRNA had little effect on AKT substrate phosphorylation. These data show that modulation of AKT phosphorylation alone does not predict effects on downstream signaling.
It has previously been shown that rictor regulates AKT S473 phosphorylation through the mTORC2 complex (1, 4) and potentially through interaction with ILK (6) . To test the role of rictor in RAD001-induced AKT S473 phosphorylation, cells were transiently transfected with siRNA against rictor or raptor before treatment with RAD001 for up to 48 hours (Fig. 3) . Reduced rictor expression clearly attenuated RAD001-induced AKT S473 phosphorylation, particularly after prolonged (24 to 48 hours) treatment (Fig. 3B, left) . In contrast, reduced raptor expression had rather an enhancing effect (Fig. 3B, left) . With regard to AKT T308 phosphorylation, rictor down-regulation inhibited RAD001-induced effects in some lines (MCF7, A549, and KB31) but not in others (BT474 and HCT116; Fig. 3B,  right) . These data show, therefore, that increases in AKT S473 phosphorylation associated with mTORC1 inhibition in human cancer cell lines are dependent on the presence of rictor. In contrast, the AKT T308 response seems to be comparatively independent, concordant with AKT S473 and T308 phosphorylation being differentially regulated.
One point of interest is that RAD001 treatment dramatically reduced S6 S235/236 phosphorylation in all lines tested. However, although down-regulation of raptor also reduced phospho-S6 levels, most cell lines still exhibited S6 phosphorylation (Fig. 3C, left) , suggesting that residual raptor protein expression is sufficient to maintain some aspects of mTORC1 signaling, a phenomenon observed and discussed by others (32, 33) .
Finally, it should be noted that the above-described siRNA-mediated biochemical responses were also observed with two additional raptor and rictor siRNA sequences ( Supplementary Fig. S4) , 3 confirming the specificity of these effects.
Targeting mTORC2 and PI3K in Tumor Cells Efficiently Inhibits AKT S473 Phosphorylation
It has been suggested that PI3K/AKT inhibition may be sufficient to prevent the induction of AKT phosphorylation following mTORC1 inhibition (34) (35) (36) (37) . To further investigate this question, an extended analysis was done with MCF7 and BT474 breast tumor cells using siRNA approaches as well as a specific, dual pan-class I PI3K and mTOR catalytic inhibitor (NVP-BEZ235), currently in phase I clinical trials in cancer patients (20, 30, 38) . Cells were treated with an optimal antiproliferative concentration of RAD001 (20 nmol/L; see Table 1 and Supplementary  Fig. S1 ) 3 or NVP-BEZ235 (50 nmol/L, defined by titration; see Fig. 5C and D) for 4 or 24 h. As expected (32, 33) , both drugs potently inhibited mTORC1 signaling as shown by reduced S6 phosphorylation, with NVP-BEZ235 having a more dramatic effect on 4E-BP1 T37/46 phosphorylation (Fig. 4A) . Whereas RAD001 induced AKT S473 phosphorylation in BT474 cells, particularly after 24 hours, with only minor effects in MCF7 cells, NVP-BEZ235 reduced basal AKT phosphorylation in both lines. Interestingly, combining RAD001 and NVP-BEZ235 resulted in a more profound inhibition of AKT S473 phosphorylation, particularly at 24 hours in MCF7 cells (Fig. 4A and B) . The reason for this is currently unclear, but could be an indirect effect reflecting the more profound effect of the combination on cell biology at the concentrations used (see below and Fig. 5) .
Consistent with the observation that elevated AKT S473 phosphorylation after RAD001 treatment was attenuated after loss of rictor expression (Fig. 3B) , increased phosphorylation after raptor down-regulation was also rictor dependent, as shown by combining raptor with rictor siRNAs (Fig. 4B, bottom) . NVP-BEZ235 also attenuated the increased AKT S473 phosphorylation associated with raptor down-regulation, to an extent similar to that observed with RAD001 and NVP-BEZ235 in combination (Fig. 4B , compare last lanes of top and bottom blots). These data support the conclusion that induction of AKT S473 phosphorylation related to chemical (RAD001 treatment) or biological (raptor siRNA) mTORC1 inhibition is modulated in a rictordependent manner and can be blocked using a compound active against PI3K and mTORC2.
Sensitivity to RAD001-nor RAD001-Induced AKT S473 Phosphorylation Predicts Tumor Cell Response to the PI3K/mTOR Inhibitor NVP-BEZ235
In the previous section we showed that NVP-BEZ235 prevents rictor-dependent induction of AKT S473 phosphorylation, presumably through direct inhibition of mTORC2, although inhibition of class I PI3Ks may also contribute. To evaluate the cellular consequences of dual PI3K/mTOR inhibition, a genetically defined model of mTORC1 deregulation was used. As expected (21, 22) , MEFs lacking expression of the mTORC1 negative regulator TSC2 (TSC2 −/− ) exhibited reduced basal AKT S473 phosphorylation when compared with isogenic controls (TSC2 +/+ ; Fig. 4C ). Strikingly, RAD001 caused a similar induction of AKT S473 phosphorylation versus basal in both lines. However, the TSC2 +/+ line was found to be ∼25-fold less sensitive to RAD001 than the TSC2 −/− line as determined by YO-PRO proliferation assay (TSC2 +/+ IC 50 = 7.2 nmol/L; TSC2 −/− IC 50 = 0.26 nmol/L). In both lines, treatment with an optimal concentration of NVP-BEZ235 (50 nmol/L; see Fig. 5A and B) reduced basal and RAD001-associated AKT S473 phosphorylation levels (Fig. 4C ) and a significant concentration-dependent effect on cell proliferation was observed (P < 0.001, two-way ANOVA on Tukey test), with the TSC2 −/− MEFs being twice as sensitive to NVP-BEZ235 treatment (TSC2 +/+ IC 50 = 7.2 nmol/L; TSC2 −/− IC 50 = 3.0 nmol/L; see Fig. 5A and B) . Interestingly, combining NVP-BEZ235 with optimal RAD001 (20 nmol/L) significantly increased antiproliferative effects in both lines (P < 0.001), albeit reaching the same end point as optimal NVP-BEZ235 alone (Fig. 5A and B, right) , an observation consistent with the fact that NVP-BEZ235 also targets the mTORC1 kinase. In TSC2 +/+ MEFs, NVP-BEZ235 alone had a minor but significant effect on cell survival only at high concentrations (P < 0.001), with the addition of optimal RAD001 having little effect (Fig. 5A, left) . Strikingly, in TSC2 −/− MEFs, NVP-BEZ235 alone or in combination with RAD001 induced a statistically significant increase in cell death (P < 0.01; Fig. 5B, left) , with a dramatic interaction between RAD001 and NVP-BEZ235, particularly at low NVP-BEZ235 concentrations (<25 nmol/L). Hence, MEFs with a genetically defined mTORC1 pathway deregulation exhibit a more profound cellular response to both RAD001 and NVP-BEZ235.
To evaluate the same question in the heterogeneous genetic background of tumor cells, the same analysis was done in MCF7 and BT474 cells, which have a similar antiproliferative response to mTORC1 inhibition (see Table 1 ), associated with differential effects on AKT S473 phosphorylation. The former line shows minimal induction of AKT S473 phosphorylation even after 72 hours RAD001 treatment, as compared with a robust and sustained induction in BT474 cells (Figs. 1B, 3B, and 4A and B) . In both cell lines, NVP-BEZ235 efficiently reduced basal and RAD001-induced AKT S473 phosphorylation (see Fig. 4A and B) , exerting a significant concentration-dependent effect on cell proliferation (P < 0.001), with the MCF7 cells being slightly more sensitive (Fig. 5C and D, right) . Combining NVP-BEZ235 with optimal RAD001 (20 nmol/L) significantly increased the antiproliferative effect in both lines (P < 0.001), again reaching the same end point as optimal NVP-BEZ235 alone ( Fig. 5C and D, right) . In MCF7 cells, significant cell death was observed with NVP-BEZ235 (P < 0.001) and a significant positive interaction occurred with the combination (P < 0.001; Fig. 5C, left) . Again, cell death induced by optimal NVP-BEZ235 (>50 nmol/L) was similar to the combination at lower NVP-BEZ235 concentrations. Strikingly, in BT474, which showed a more rapid and dramatic increase in AKT S473 phosphorylation after RAD001 treatment, neither NVP-BEZ235 nor the combination induced a marked increase in cell death (Fig. 5D, left) .
From these data, derived from both a genetically defined model of mTORC1 deregulation and genetically heterogeneous tumor cells, we have shown that concomitant targeting of the PI3K and mTOR kinase elicits more profound cellular responses (including loss of cell viability). However, cellular outcome in tumor cells cannot be predicted from antiproliferative or AKT S473 phosphorylation responses induced by mTORC1 inhibition alone.
Discussion
The prototypic pathway that promotes cellular survival is the PI3K/AKT/mTOR pathway, which is constitutively activated in many cancers (20, 22) . Many tumor cell lines and animal models of cancer are sensitive to the mTORC1 inhibitor RAD001, whereas some are intrinsically insensitive (2) . Previous work has shown that, in serum-deprived conditions (39) (40) (41) or in combination with DNA-damaging agents (5), p53 status is indicative of the degree of cellular response to mTORC1 inhibition. In contrast, in nutrient-replete conditions, we were unable to show an association between p53 status and RAD001 single-agent activity, both in the large panel of tumor lines analyzed here (see Table 1 ) and in a panel of 15 non-small-cell lung cancer lines (data not shown), consistent with the observations of others (5, 42) . However, we have shown that activation of the PI3K/ AKT pathway (high phospho-AKT S473) is indicative of a certain dependency on mTORC1 activity, an observation consistent with mTOR being downstream of the PI3K pathway and with the enhanced activity of mTORC1 inhibitors in cells expressing constitutively activated AKT (2, 23) . Because AKT S473 phosphorylation levels are suggested to dictate substrate utilization (43) , a quantitative analysis of AKT substrate phosphorylation was done. There were differential correlations with RAD001 sensitivity, with some apparently being predictive (phospho-GSK3β S9, phospho-TSC2 T1462) and others not [phospho-FoxO1(T24)/3a (T32), phospho-PRAS40 T246]. In this context, it is interesting to note that enhanced TSC2 T1462 phosphorylation is indicative of inactivation of the TSC1-TSC2 mTORC1 inhibitory complex (44) . Moreover, loss of TSC2 function has been associated with elevated GSK3β phosphorylation (45) . Hence, the association between elevated GSK3β and TSC2 phosphorylation, together with the enhanced sensitivity of TSC2 −/− MEFs to RAD001, supports the conclusion that these epitopes may be useful as predictive biomarkers of RAD001 sensitivity.
It has been suggested that increased AKT signaling following mTORC1 inhibition could attenuate anticancer efficacy, confer resistance, or over time, contribute to the development of resistance (8, 14) . Our data indicate that changes in AKT S473 phosphorylation upon treatment with RAD001 cannot be used as a surrogate biomarker predictive of acute antiproliferative responses. This may seem at odds with the observation that PI3K/AKT pathway activation is associated with sensitivity to RAD001 treatment. In this regard, however, there are clear differences in the biochemical end points depending on how AKT activation occurs (e.g., AKT substrate phosphorylation at baseline versus after mTORC1 inhibition versus after raptor depletion). The most striking observation was that FoxO1 phosphorylation increased after RAD001 treatment of sensitive lines, a phenomenon not observed after raptor down-regulation. Additionally, TSC2 phosphorylation increased in all lines after RAD001 treatment, with raptor siRNA having little effect. Based on this limited analysis, it is difficult to make solid conclusions on the significance of these observations to the cell. However, the fact remains that changes in AKT S473 phosphorylation can be associated with pleiotropic effects on downstream signaling molecules. Hence, we suggest that mTORC1-induced changes in AKT S473 phosphorylation levels per se may not be so informative with regard to relevance to cellular outcome.
Recent data have suggested that mTORC2 is directly involved in AKT activation (3, 43) . A limited analysis in human cancer lines indicated that silencing raptor, but not mTOR or rictor, induced AKT S473 phosphorylation (3), whereas silencing rictor decreased it (3, 46) . We have extended this analysis to a large panel of tumor lines, and our data strongly support the role of rictor as a modulator of the increased AKT S473 phosphorylation associated with mTORC1 inhibition resulting from RAD001 treatment or raptor depletion. During revision of this article, Wang et al. (47) suggested no association between rictor and increased phospho-AKT S473 levels after rapamycin treatment of tumor cells. The reason for this contrasting observation is presently unclear, but could be related to treatment times. In five tumor lines, we have observed that attenuation of RAD001-induced AKT S473 phosphorylation in the absence of rictor occurred most strikingly after prolonged treatment times (24-48 hours; see Fig. 3B ), an observation confirmed in raptor siRNA-transfected cells (Fig. 4B) . In comparison, Wang et al. (47) analyzed cell extracts only after acute rapamycin treatment (1 hour).
Highlighting the importance of rictor in development, rictor mutant mice are characterized by embryonic lethality, associated with inhibition of AKT S473 phosphorylation (3) . Moreover, analysis of rictor −/− MEFs showed a requirement for insulin signaling to FoxO3, but not to TSC2 or GSK3β (48) . Hence, rictor may be a necessary component of the AKT-FoxO pathway, a hypothesis supported by work in Drosophila (49). Here, siRNA-mediated down-regulation of rictor in five tumor lines did not lead to any significant modulation of FoxO, TSC2, or GSK3β phosphorylation. This could indicate differential regulation of AKT signaling during development as compared to cancer. Alternatively, different experimental approaches may explain these discrepancies. For example, we performed our experiments in full medium, whereas Guertin and coworkers (48) performed insulin treatment after serum starvation.
Attenuation of mTORC1 inhibitor-induced AKT activation using logical drug combinations may avoid any potentially negative effects on tumor response. Indeed, concomitant inhibition of mTORC1 and PI3K has induced increased antiproliferative effects in some tumor lines (34, 37, 47) . The phenotype of rictor-deficient embryos is similar to that of mice deleted for PI3K (p110α; ref. 48) , suggesting that mTORC2 lies downstream of PI3K. Furthermore, direct mTORC2 inhibition may prove to be a promising strategy for cancer therapy because mTORC2 activity permits high-level PI3K/AKT signaling in vivo (50) . Using NVP-BEZ235 (30, 38) , an inhibitor of PI3K and mTORC1 and mTORC2 kinases, together with siRNA approaches, cotargeting these kinases efficiently inhibited RAD001-and raptor siRNA-induced AKT S473 phosphorylation.
Moreover, this was associated with more profound effects on cell proliferation and viability as compared to mTORC1 inhibition alone. Notably, although specific deregulation of mTORC1 signaling seemed to sensitize cells to the action of NVP-BEZ235, treatment of tumor lines that exhibit similar antiproliferative responses to mTORC1 inhibition resulted in quite different effects on proliferation and viability. Strikingly, loss of cell viability was observed in MCF7 cells but not in BT474 breast carcinoma cells, despite the latter having the more dramatic and prolonged increase in AKT S473 phosphorylation after RAD001 treatment. Together with data from TSC2 +/+ and TSC2 −/− MEFs, this suggests that increases in AKT S473 phosphorylation after mTORC1 inhibition will not predict cellular outcome to a dual PI3K/ mTOR inhibitor.
It is possible that the rictor-dependent AKT S473 phosphorylation we have observed could be due to modulation of rictor-dependent ILK activity rather than mTORC2 complex regulation (6) . Indeed, this is a question worthy of further investigation. However, despite extensive tests against a panel of protein kinases, NVP-BEZ235 has only been found to efficiently inhibit the class I PI3K and mTOR kinase, presumably because of the high homology between the kinase domains of mTOR and class IA PI3Ks (30) . Hence, based on the data with NVP-BEZ235, we can conclude that increased AKT signaling associated with mTORC1 inhibition is modulated by mTORC2 and potentially PI3Ks, inhibition of which leads to more profound effects on tumor biology.
Taken together, the data in this article stimulate the question of just how much AKT responses following mTORC1 inhibition actually contribute to the attenuation of antitumor responses. One could speculate that over long treatment periods AKT activation may overcome the antitumor activity of mTORC1 inhibitors, a hypothesis recently supported through long-term in vitro culturing of A549 cells in the presence of rapamycin (47) . However, in the latter study, a lack of inhibition of the p70S6K1 pathway after mTORC1 inhibition was also shown in the resistant cells, suggesting that other parameters may also play a role. These points, coupled with our demonstration that there is a high level of complexity associated with the biochemical effect of AKT phosphorylation events induced by mTORC1 inhibition, indicate that there is as yet no simple explanation with regard to the consequences of this phenomenon for cancer patients. The data with NVP-BEZ235 suggest that targeting PI3K and mTORC2 together with mTORC1 can bring benefit in terms of enhanced tumor cell responses. However, the definition of tumors more likely to respond to NVP-BEZ235 cannot be simply based on biochemical or cellular responses to mTORC1 inhibition, a conclusion that could have implications for patient selection. 
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